Epithelial-mesenchymal transition (EMT) is a key event in the generation of invasive tumor cells. A hallmark of EMT is the repression of E-cadherin expression, which is regulated by various signal transduction pathways including extracellular signal regulated-kinase (ERK) and Wnt. These pathways are highly interconnected via multiple coupled feedback loops (CFLs). As the function of such coupled feedback regulations are difficult to analyze experimentally, we used a systems biology approach where computational models were designed to predict biological effects that result from the complex interplay of coupled feedback loops. Using EGF and Wnt as input and Ecadherin transcriptional regulation as output we established an ordinary differential 
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INTRODUCTION
Epithelial-mesenchymal transition (EMT) plays an important role in embryonic development and the occurrence of EMT during tumor progression allows benign (i.e., noninvasive and nonmetastatic) tumor cells to acquire the capacity to infiltrate surrounding tissue and to ultimately metastasize to distinct sites (1) (2) (3) . During this transition, epithelial cells undergo a morphological change that is appropriate for migration in the extracellular matrix and settlement in an area involved in organ formation or metastasis. EMT is characterized by loss of cell adhesion, repression of Ecadherin, and increased cell mobility. Many oncogenic pathways activated by growth factors such as epidermal growth factor (EGF), tumor growth factor (TGF), and hepatocyte growth factor (HGF), Src, Ras, integrin, Wnt/β-catenin, and Notch can induce EMT (4) . In particular, ERK and Wnt/β-catenin signaling pathways have been shown to activate the transcriptional repressors Snail and Slug that suppress E-cadherin expression, leading to the development of EMT (4-6).
Polypeptides including EGF and Wnt secreted in many malignant tumor cells have been reported to be involved in EMT and the corresponding signal transduction pathways form a highly interconnected network through multiple coupled feedback loops (CFLs). Table 1 summarizes all possible positive and negative feedback loops suggested from previous experiments (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , which comprise CFLs between the EGF and Wnt signaling pathways. The compilation of feedback loops and topologies of the networks considered here are based mainly on studies done in colorectal cancer, and to a smaller extent in breast and prostate cancer cells. These observations indicate a highly complex regulation through a variety of feedback loop motifs. They further suggest that feedback loops play key roles in the regulation of E-cadherin and EMT. As little is 4 known about the functional roles of the feedback loops that interconnect the ERK and Wnt signaling pathways, our focus was to identify the functional roles of such CFLs.
However, it is difficult to experimentally analyze the effects of such CFLs or in fact even combinations of simple feedback regulations and to envisage how the behaviors of such a complex nonlinear systems can be understood without utilizing a formal in silico approach. In this paper, we used computational modeling to predict the behavior of the system and its responses to perturbations of the coupled feedback loops. For this purpose, we integrated experimental data related to ERK and Wnt signaling pathways and constructed a map of the protein interactions and regulations. We note, however, that the constructed network might not be conserved in all cancer cells because of their inherent heterogeneity as well as tumor and cell type specific differences. This implies that there could be different network topologies depending on tumors, tumor cell types and heterogeneity between tumor cells that arise from stochastic processes or interactions with different neighboring cells. To address this problem, we considered different possible network topologies, and analyzed their respective dynamical characteristics. In particular, we first developed a system-level signaling network model that contains protein interactions and regulations reported in the ERK and Wnt signaling pathways by integrating available experimental results and employing an established basic mathematical model of each pathway. As our model was developed mainly on data from colorectal cancer cell lines it is most likely applicable to this type of cancer.
However, it is generic in the sense that it also will apply to other cancers with a similar network topology and protein expression profiles such as breast and prostate cancers (25) . Then, we compared different network topologies by introducing individual or combinations of feedbacks through extensive computational simulations. We found that 5 the coupled positive feedback loops (CPFLs), formed by ERK phosphorylation of RKIP and transcriptional repression of RKIP expression by Snail, cooperatively cause a switch-like behavior of E-cadherin expression. Furthermore, we revealed that the RKIP expression inhibits the EMT progression by counteracting the suppression of E-cadherin.
MATERIALS AND METHODS

Mathematical modeling and model reduction
The ordinary differential equations for the mathematical model of ERK and Wnt signaling pathways including their transcriptional regulations are presented in Supplementary Data A where the reduction procedure of the developed mathematical model is also described. The numerical integration was performed using Matlab R2009a software. The kinetic parameters were obtained or modified from the previous model (18, 26) and those not available from the literature were estimated through iterative simulations such that they are qualitatively well in accord with the experimental evidences. The parameter estimates used in the numerical simulation are summarized in Table S2 of Supplementary Data A.
Quantification of the results and identification of dominant feedback combinations using K-map analysis
To quantify the simulation results and to characterize the dose-response curves, we introduced the following three output indexes ( Fig. 1 represented by binary strings of length three (Fig. 1, Truth table) . By scanning out each line of the truth table, we could enumerate all possible feedback combinations that have a significant effect on each output index. We then constructed a Boolean function by summing up those with the Boolean operator (+). However, as the resulting function can take a complex form, we then further apply K-map analysis in order to obtain a simplified form. This enables us to determine the simplest form of the logic function 7 that represents the relationship between the feedback combinations and the corresponding output index (Fig.1, step 3&4 
RESULTS
Mathematical model A diagrammatic molecular interaction map
In order to develop a mathematical model, we assembled the interactions between ERK and Wnt signaling pathways including their transcriptional regulations in the form of a diagrammatic interaction map ( The activation of ERK, the expression of Snail, Slug and E-cadherin, and the formation of the β-catenin/TCF complex were considered as outputs. As in the initial stage of simulation we found that the feedback link F 6 does not have a significant effect on the change of those responses (data not shown), we excluded it from further analysis. Thus, we have total 32 network topologies (2 5 =32 possible combinations (Fig. 3B) ). To investigate how the outputs of the signaling networks vary depending on a specific network topology, the 32 network topologies were analyzed using principal component analysis (PCA). Here, PCA was carried out with respect to five outputs: the activation of ERK, the expression of Snail, Slug and E-cadherin, and the formation of the β-catenin/TCF complex, and then the results were projected onto two dimensions for which 96% of the output variances were accounted (Fig. 3B) that have a significant effect on each output index. To this end, we employed K-map analysis (27) which is a graphical method widely used in engineering circuit analysis for simplification of logic equations representing the Boolean logic relationship between input and output (see Fig. 1 and Materials and Methods for detailed procedures and
Supplementary Data B for detailed K-map analysis).
The feedback combinations that have a significant influence on three output indexes and, among those, the most commonly involved feedback combinations are summarized
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in Table S1 of Supplementary Data C where all these were investigated by gradually increasing EGF for five fixed levels of Wnt and vice versa. such as E-cadherin expression (Fig. 5A&B) , which also supports our hypothesis that the RKIP-mediated PFLs cause a switch-like behavior of E-cadherin expression. In addition, the deletion of PFL3 suggests that this feedback loop also plays an important role in causing a switch-like behavior of the Snail and E-cadherin expression curves. On the other hand, when PFL4 was removed, the Snail and E-cadherin expression curves were shifted to the right but the switch-like shapes were well conserved, which suggests that the crosstalk with the Wnt signaling pathway increases the sensitivity of Snail and Ecadherin expressions to EGF stimulation. Taken together, these simulation results
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suggest that multiple CPFLs cooperatively induce a switch-like behavior of the cellular responses.
RKIP regulation of E-cadherin expression
Most colon cancers have constitutively activated mutations in either or often both of CFLs that form a highly interconnected network. However, little is known about the functional role of these feedback loops. In this study, we found that the positive feedback in which activated ERK counteracts the inhibition of PKCδ by GSK3β has a significant role in inducing a large state change of E-cadherin in response to EGF stimulation while the positive feedback mediated by RKIP decreases the state transition interval in the state change of E-cadherin ( Fig. 4A&B and Table 1 ). CFLs composed of the RKIP-mediated PFLs and the negative feedback loop where ERK phosphorylates and inhibits the SOS/Grb2 complex increase EC50 in response to the EGF stimulation ( Fig. 4C and Table 1 ). On the other hand, it turns out that the negative feedback loop where the β-catenin/TCF complex induces Axin dose not have any significant role in the regulation of E-cadherin expression.
In a previous study (18) we found that the positive feedback loop formed by the phosphorylation of RKIP by ERK induces a switch-like behavior of ERK and MEK activities. In this study, we have further revealed that such switch-like behaviors are cooperatively caused by CPFLs through phosphorylation of RKIP by ERK and transcriptional repression of RKIP by Snail (Fig. 5C&D) . If one of these feedback loops is blocked, the switch-like behavior becomes weaker or even disappears.
From extensive in silico simulation of the dose-response characteristics to oncogenic stimulation and the Karnaugh-map (K-map) analysis method ( Fig. 1) , we found that particular feedback combinations had a significant effect on E-cadherin regulation.
Some of them were commonly observed for gradual increase of EGF with a fixed level of Wnt, while none was observed for a gradual increase of Wnt with a fixed level of EGF (Table S1 of Our simulation results show that RKIP controls the EMT process through regulation of E-cadherin (Fig. 5C&D) . A number of recent studies showed a statistically significant inverse relationship between RKIP expression and metastasis and overall survival both in animal models and in human cancer patients (32) (33) (34) (35) (36) (38) (39) (40) . For instance, Fu et al. hypermethylation (38) , the other is the repression of the rkip gene promoter by Snail (19) . The molecular function of RKIP as inhibitor of the ERK pathway that inhibits MEK phosphorylation by Raf is well characterized (16) (17) . Recent data show that ERK can inactivate RKIP as part of a feedback loop and thereby confer non-linear dynamics on ERK activation (18) . However, so far this feedback loop only has been analyzed in isolation. The same is true for most other feedback loops described here.
Our analysis of the combinatorial effects of such feedback loops revealed several new findings. One is that RKIP is an important feedback loop that exerts major control over both STI and EC50, and that RKIP levels are crucial for these effects (Fig. 4B&C) . Thus, the CPFLs where ERK phosphorylates RKIP, and Snail transcriptionally represses the expression of RKIP cause a switch-like behavior of E-cadherin expression (Fig. 5D) , Table S1 of Supplementary Data A. 
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